We investigate the detectability of axino-like particle, which is defined as a supersymmetric partner of axion-like particle and can be a good candidate for dark matter in our Universe. Especially we consider the fixed target experiments to search for the light axino-like particle with neutralino as the next-to-lightest supersymmetric particle. We calculate the production and decay rates of neutralinos and the consequent number of events (such as photons and charged leptons) that are produced when the neutralinos decay to the axino-like particles.
I. INTRODUCTION
Supersymmetry (SUSY) gives a natural candidate for dark matter since the lightest supersymmetric particle (LSP) is stable when the R-parity is unbroken. When the axion is introduced to solve the strong CP problem in the standard model (SM), the fermionic SUSY partner, axino, can be the LSP and cold dark matter [1] [2] [3] [4] . In the beyond standard models or in the superstring motivated models, there can exist ubiquitous axion-like particles (ALPs) and their fermionic superpartner, axino-like particle (which we call "ALPinos"), with a wide range of mass scales [5] [6] [7] [8] [9] [10] .
One of the stringent constraints on the interaction of axino comes from the lower bound on the Peccei-Quinn scale, f a 10 9 GeV [11] . This constraint is obtained from the energy loss of stars due to the missing energy through the light axions. It is valid only for the mass of ALPs smaller than around 100 MeV [12] . For heavier ALPs [13, 14] , the Peccei-Quinn scale can be much smaller. Therefore, the interaction of ALPinos also can be free from this constraint.
In this Letter, we study the possibility to detect the ALPinos from the search of hidden particles in the fixed target experiments as well as the cosmological observations. Here, we focus on the ALPino (ã)-photon (A µ )- * Electronic address: kiyoungchoi@skku.edu † Electronic address: inami@phys.chuo-u.ac.jp ‡ Electronic address: kadota@ibs.re.kr § Electronic address: inwpark@kaist.ac.kr ¶ Electronic address: seto@particle.sci.hokudai.ac.jp photino (γ) interaction [2] ,of
where α em is the fine-structure constant, F µν is the field strength of electromagnetic vector potential A µ and C aγγ = O(1) is a model-dependent constant. The interactions for ALPinos are typically very weak, suppressed by the scale of spontaneous symmetry breaking f a . The mass of ALPino mã in general does not have to be of the order of the SUSY breaking, unlike the gravitino and ordinary supersymmetric particles, and mã can be indeed much smaller than the SUSY breaking scale in the visible sector [15] [16] [17] [18] . While the model details are required such as the exact form of superopotential and the SUSY breaking mechanism to specify the value of mã, we in this letter consider the parameter range of mã ( O(1) GeV) which is small enough to be produced at the fixed target experiments. We consider the case that the lightest neutralinoχ 0 1
is the next-to-LSP (NLSP) and produced by decays of mesons at the target of the fixed target experiments. The neutralino goes through the shielding and subsequently decays into an ALPino and a photon or a pair of charged particles, that can be probed at the detector far behind the target. We first consider the constraint from CHARM [19, 20] and NOMAD [21, 22] and, next as a specific future prospect, we consider the SHiP experiment [23, 24] to search for ALPino. We also examine the relic density of ALPino as the main dark matter components in the Universe. In Section II, we introduce the production of neutralinos in the fixed target experiments. In Section III, we study the detectability of ALPinos in the CHARM, NO-MAD and future SHiP experiments, and in Section IV we examine the relic density of ALPinos as dark matter. We conclude in Section V.
II. PRODUCTION OF NEUTRALINOS FROM DECAY OF MESONS AT FIXED TARGET EXPERIMENT
A future fixed target experiment, Search for Hidden Particles (SHiP) experiment, will use the CERN SPS beam with the energy 400 GeV, which corresponds to the center of mass energy √ s ≃ 27.4 GeV. The number of protons on the targer for 5 years is expected to be N pot = 2 × 10 20 [23, 24] . From the collision at the target, neutralinos with mass less than O(10) GeV can be produced, and penetrate the shield. If these particles decay before the detector, which is about 100 meter away from the target, we can identify their production.
From the collision of the proton at the target, mesons M are created and their decays produce the neutralinos. OR are created and their decay produces the neutralinos
accompanying by-products X, X ′ in the processes, that are stopped at the shielding. However the neutralinos penetrate the shield and decay in the decay-volume into an ALPino and a photon (or a pair of charged leptons):
These photons or di-lepton can be detected at the far detector.
We estimate the number of produced mesons at the target by using their multiplicities N M,multi
with N pot being the total number of protons on target. In Table I , we show the multiplicities for mesons of π, K, η, ρ, ω, and φ in proton-proton collision at √ s ≃ 27.4 GeV.
For the J/ψ meson and the neutral B meson, we estimate the number of produced mesons using the production cross section with [23] 
3.22 × 10 where σ M is the meson production cross section per nucleon and σ pN is the total cross section for proton-nucleon collision. For σ pN ≃ 40mb, σ J/ψ = 200 nb and σ B = 3.6 nb, we find that 10 15 J/ψ mesons and 2 × 10 13 neutral B-mesons are expected to be produced [23] .
The number of produced neutralinos from meson decay can be given by
where the factor 2 arises because a pair of neutralinos are produced from one meson decay.
The branching ratio of decay for neutral meson M = π 0 , η, η ′ , ρ 0 , ω, φ, J/ψ, Υ have been calculated in the Rparity conserving case in Refs. [26, 27] and R-parity violating case in Ref. [28] . We quote the values of BR(M → χ 0 1χ 0 1 + X ′ ) from these references which provide the analytical expressions for the branching ratios and hence can be adopted for our study. The analytical formulae to treat the decays
and
1 are not available in the literature while the numerical results for the particular sets of SUSY particle masses have been presented in Refs. [27, 29, 30] . We hence re-performed the calculations for our desirable parameter sets with much higher mass scale O(10) TeV than those (of the order of 100 GeV) in the previous literature due to the tight constraints from the LHC.
Among those mesons, let us here outline the calculations we performed to treat the decays of K − and B − into neutralinos with the spectrum of supersymmetric particles consistent with the latest LHC constraints. We illustrate our study for the scenarios with the lightest gaugino being bino-like with the mass M 1 about 100 MeV, while the other neutralino species are heavy, to ensure that the lightest neutralino is light enough to be produced at fixed target experiment and is bino type. For concreteness, we use the masses of squark as 3 TeV and the other SUSY particles as 10 TeV.
The amplitude for the decay P by [27] 
where q i (q f ) is the initial (final) quark field and G F is the Fermi constant and P Then the invariant matrix element for charged meson decay can be written by [26, 27] 
where F µ is a matrix element defined as
For the decomposition of F µ , we refer to the reference [31] for Kaons and [32] for B-mesons as well as the Appendix in [27] . The second term was obtained from
using
In Table II , we show the numerical results for the absolute values of the coefficients C F , C L , and C R for mq = 3 TeV with the other SUSY particles as 1 TeV. We do not show C ps since it is smaller than the other terms. Those coefficients can be obtained from the one-loop diagrams by integrating the heavy spectrum [27] . For this, we used Feynarts, FormCalc and LoopTools [33, 34] with neglecting all external momenta which are negligible compared to SUSY scalar particle masses and the W boson mass. For the Kaon decay, the C F term is dominant, while for the B-meson decay both C F and C R terms are important.
From Eq. (8) and using the values in Table II , we obtain the branching ratio for the decay
for small neutralino mass mχ0 1 ≪ m K . These branching ratios would change for large SUSY particle masses. We show the contour plots for the number of signals 3, 10, 100 for each case. We used the same mass spectrum as used in Fig. 1 .
III. ALPINO IN THE FIXED TARGET EXPERIMENT
The decay rate of the bino-like neutralino into an ALPino and a photon can be obtained from Eq. (1), which is given by
with C aχγ = C aγγ Z χB where Z χB stands for the Bino fraction of the neutralino. In the following, we take pureBino limit Z χB → 1, and, for C aγγ which is expected to be of the order the unity, we take C aγγ = 1 for concreteness. In this case, the lifetime of neutralino can be written as
10 GeV mχ0
The neutralino can decay also into an ALPino and two charged leptons,χ 0 1 →ã + l + + l − , through a virtual photon and the Z-boson. The decay rate for this is (refer to Appendix B for details)
in the limit of mχ0 1 ≫ m l . Here l refers to the light charged leptons such as electron and/or muon.
The number of neutralino decays inside the detector region can be estimated by multiplying the decay probability with the number of neutralinos produced [23] . For the decay volume with a distance l from the target and its length of ∆l, the number of event in the detector region is given by
with γ = Eχ0 [35] . We adopt the criteria N det < 3 for no observation assuming the negligible background events for the SHiP [23, 24] .
We find that the present experiments such as CHARM and NOMAD experiments are not viable to see the signal. However the future SHiP experiment give good possibility to probe them. In Fig. 1 , the projected search region by the SHiP experiment is shown for lepton pair production signals (Left) and for mono-photon signals (Right), where the inside regions can be probed by the specified meson decay with number of events larger than 3. With electron pairs, the decay of π 0 and η may produce detectable number of events.
The ALPino decay constant is also bounded from the colliders and, as a reference, the bounds from the monophoton (mono-jet) search from the lepton (handron) colliders such as the TEVATRON, the LHC, and the LEP are shown in Fig. 1 [36] . The region above the horizontal line are disfavored 1 .
The bounds on our ALPino LSP scenarios with the neutralino NLSP in this figure share the common features. The largest mass of the lightest neutralino mass probed by the experiments (represented by the vertical edge in the figure) depends on the mass of the mesons which decays into the neutralino. The upper values of f −1 a which are excluded in the figure are due to too a short lifetime of the neutralino so that the ALPino production occurs before reaching the detector. On the other hand, if f −1 a is too small, the neutralino decays too late to be detected (represented by the lower end of f −1 a in the excluded regions). The photon signals tend to give tighter bounds on f −1 a than e ± signals because of the difference in the decay rates (Eqns. 12,14) . The decay rate into e ± is smaller than that into γ because of the phase space suppression and additional vertex couplings. We also note that the decay rate of a neutral meson (M = π 0 , η, η ′ , ρ 0 , ω, φ, J/ψ, Υ) has a large dependence on the squark mass scale (inversely proportional to the quartic power of a squark mass becasue the squark propagator shows up at the tree level).
In Fig 2, we also show the number of signals in the f −1 a vs. mχ0
1
. in the future SHiP experiment for electron and positron (left window) and for mono-photon (right window) with the number of 3, 10, 100.
IV. COSMOLOGY OF ALPINO
The stable ALPino can be a good candidate for dark matter, if they are produced in the early Universe with a right amount. With the coupling in Eq. (1), the freezeout temperature of ALPino is [37] T f ≃ 1 GeV f a 10 5 GeV 2 0.01
where the ALPino and gaugino co-annihilation is the dominant interaction for the thermalization. When T f > mã, the ALPino decouples when they are relativistic, and the abundance is determined by the effective degrees of freedom at that time. In this case, the relic number density of ALPino is similar to that of neutrinos and the ALPino may over-close the Universe for the mass range of our interest around MeV to sub-GeV. In the case of T f < mã with a small f a , the freeze-out happens at around T f ≃ mχ0 1 /25 when the ALPino abundance is also determined. However for the range of our interest 10
4 GeV f a 10 5 GeV, the ALPino is overproduced.
and Fig. 1 shows the collider bounds on the dipole interactions discussed in Ref. [36] to which we refer the readers for the details.
One possibility to obtain the correct dark matter abundance is the cosmology with a low reheating temperature, T R < T f , which is small enough so that neither neutralino nor ALPino can be thermalized [38] . Nevertheless, ALPinos can be produced by scattering processes in thermal plasma. The dominant production processes are ff →χ 0 1ã through s-channel photon exchange followed by the neutralino decayχ 0 1 →ãγ, where f denote a SM fermion. The number density of ALPino is evaluated by solving the following Boltzmann equation
which can be rewritten as
where T R is the reheating temperature, s is the entropy density, H is the Hubble parameter, respectively, and a factor 2 comes from the R-parity conserving neutralino decay. The resultant abundance depends on mã, mχ0 1 and T R , and can be expressed at the leading order as
with α = e 2 /(4π) and g * being the relativistic degrees of freedoms, Q being the electromagnetic charge of initial state SM fermions in the unit of e. The appropriate abundance Ωãh 2 ≃ 0.1 can be obtained for the mass range of our interest as shown in Fig. 3 .
V. CONCLUSION
In supersymmetric models with axion/ALP, there exists its fermionic superpartner, axino/ALPino. For a heavy ALP, the usual astrophysical bound is not applicable anymore and the symmetry breaking scale known as decay constant of ALP model, f a , can be lower than the typical QCD-axion decay constant. In this letter, we have studied the possibility to search the light ALPino with the bino-like neutralino as the NLSP at fixed target experiments and also the possibility for the ALPino to be the dark matter. Even though we found the current experiments CHARM and NOMAD cannot probe our scenarios, the future experiment SHiP can probe the ALPino decay constant as large as 5×10 3 GeV from e − e + signals and 5×10 4 GeV from mono-photon signals for the sub-GeV neutralino mass. The ALPinos can be produced in the early Universe with the desirable amount for dark matter by the freeze-in from the thermal equilibrium at low-reheating temperature. The neutralino can decay into axino and lepton, antilepton pair through photon and Z-boson, as shown in Fig. 4 . Since the energy of the fixed target experiment is smaller than the mass of Z-boson, the three-body is dominated by the photon-mediation and the Z-boson can be ignored.
Then, the decay rate ofχ 
